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EFTECT OF HIGH-VELOCITY FLUID FLOW ON THE
ENMDING VIBRATIONS AND STATIC DIVERGENCE
OF A SIMPLY SUPPORTED PIZE

By Earold [,. Dcdds, Jr., and Harry L. Runyan
Iangley Research Center

SUMMARY
PIASL

The present experimentzl study is concerned with the effect of high-
velozity fluid flow cn the static and dynamic characteristics cf a simply sup-
ported pipe. The frequency varization of the bending vibrations as a function
of fluid velocity, as predicted by G. W. Housner, was verified :xperimentally.
In addittion, the critical fluid ielocity at which the system tecomes statically

unstable was also verified. m

INTRODUCTION

High-performai.ce liquid-prcr=1llant launch vehicles require the rapid
transifer cf large quantities of fluid from tanks to pumps and engines through
relatively thin-walled pipes. A study of the influence of the resulting high-
velceity fluid on the static and dynamic characterlstics of the pipes in launch
vehicles is therefcre necessary.

Initial work in this field was motivated by vibration problems enccuntered
in the transpert of crude oil in pipes as well as possible problems in the feed
lines of large water turbires. Ashley and Havilznd (ref. 1) were ihe {irst to
invesiigate the berding vibraticns of a simply supported pipe centaining a
flowing fluid. Hcusrer (ref. 2) subsequently derived the equaticn of motion
for the seme case rore complietely and developed an equation relating the fun-
damental bending freguency -f a simply supported pipe to the velccity of the
internal flow of the fluaid. Housner alsc sncwed that, at a certzin critical
velocity (simiiar to the Euler buckling formula Ior colunrs), a statically
unstable condition cculd exist. Long (ref. 3) used an alternate roluticn to
Housnar's eguation of moticn for -ne simple end conditions and also treated the
fiyed-free end conditions. In addition, Long attempted to confirm the analysis
by compariscn with experiment. The experimental results were rather incorzlu-
sive since the maxi—um fluid velenity available for the test was low and the
change in the berding frequency was very small. The maximum velocity obtained
by Long wes only 20 percent of tie critical velccity which resulted in a
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maximum change in the hending frequency of only 5.2 percent. Other treatment<
of the subject were made by Ta Li (ref. L), Niordecn (ref. 3), and Benjamin
(ref. 6).

It is the purpose of this paper to report the results ~f an experiment to
(a) study the effect of fluid velosity on the fundamental tending fregiency of
a simply supported pipe and (v) determine the existence of a statically
unstable condition as predicted in reference 2.

A number cf engineering students, while participating ccnsecutivel:sr in
the cooperative work study program at Langley Research Cenzer, conducted the
test program under the general supervision of the second suthor. The students
who plarned the experimeut, seiected and assembled the test apparatus, and
conducted the tests were dessrs. Harold L. Dedds, Jr., Ricrerd A. Crocker,
Charles H. Fox, Jr., James E. Gamdner, and A. Davii Tuckey.

SYMEOLS

Aoy amplitude coefficient in series =xpression (eg. (2)) for
k=1,2, % . . .

Aon_y amplitude cocfficient in series expression (eg. (2)) for
n=1,2,2, ...

) modulus or elasticity, 1b/ft2

I moment of inertis, reh

K intsger

1 length, ft

m mass of pipe plus fiuid per unit iength, slugs/ft

n integer

t time, sec

v average velocity of the fluid relative to x-direction, ft/sec
x coordinate measured along pipe

z coordinate measured perpendicular to pipe

p mass of fluid per unit length, slugs/ft

w angular velocity of pipe relative to its length, rad/sec
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critical

i mode of vibration, 1 =1, 2, 3, .. .

ANALYSIS

The equation of motion of a uniform pipe containing flowing fluid is

4 \2 22
EI§_Z.=_DV2°_Z._2‘)V_°.Z__m§i (1)
act 3x2 ot x a8

vhich was derived in reference 2 by using elementary bean . zory. The coordi-
nate svstem is shown in figure 1. Tke three teoms on the right s::2 of
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Figure L.- Schematic d-agram of exper: ~ental setup.

equation (1) represent the lateral irertial forces which act on the pipe. The
first term is the force caused by the chrngz in 4direction of wvelocity oi the
fluid due to the curvature of the pipe. Tue second term is the force associ-
ated with the Coriolis acceleration which eccurs beczuse the rire has an
angular velceity with respect to its lergth while the fluid has a linear velcc-
ity with respect to trhe pipe. The last term represents the force which is
related to the vertical acceleration of the pipe. For simplification, siruc-
tural damping has been omitted in zguation (1).

For the case of free vibrations, the general solution of equation (1) for
a simply supported pipe with normal modes zjy is given in refererce 2 as




ZAQH 1 sin[Zn - l)——]uin wt + Azk sin[?k -’115]:35 ot (2)
j3

In order to evaluate the zoefficients in this equation, equetion (2) is sub-
stituted into equation (1) and the resulting terms are grouped according to
their trigonometric constituents. Equating the cozfficients of like trigono-
metric terms to zero fn order to satisfy equatica (1), the following set of
equations for n=1,2, 3, . . . and k=1, 2,3, . . . are obtained:

Azﬁrx-l‘EﬂI(Er:\ - l)b(’—{')u - pv3(en - ")2 '—'mi]

8ovoy 2 (2x)?
= (2x)% - (2n - 1)?

2
EoVay zka-l _ (en-1) ()

oy (zn - 1) - (2x)?

Supressing all the modes except th~ first two, the simultaneous sclution c¢7
equations (3) and (4) results in the following frequency equation for steady-
state vitrations:

3. EI(Z:(Y _ p. _n\" _ M_’.
32pVay t \ 1/ ) J

- - - (5)
L 2
31 m(_) - pva(%) - may @

pVwy
Equation (5) gives the relation between V and ay for the pipe.
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By letting oy —» 0 for the case i = 1, equation (5) yields a critical
velocity at which a static divergence occ.rs.
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As pointed out in reference 2, replacement of oV2 in equaticn (6) by P
provides an equation identical -5 the Euler buckling formmula for columns where
P represents the axial load.

EXPERTMENTAL 1NVESTIGATION

The apparatus ard <osting procedure which were used to study the effect of
high-velocity fluia fil..+ on the tending v.bratiocns and stability <f a simply
supported pipe are dcsoribed in the follcwing section.

Apparatus

A schematic: representation of the experirental setup s shown in figure 1.
The test pipe wis constructed cf aluminum a2lloy (F0€1-T6) with a ncminal out-
side diameter of 1.CO inch, 1 w3ll thickness of 0.055 inch, and a length cf
10 feet. The pipe wiz mounted horizontally with the duwnstream erd supported
by two ball btearir.w which 2llcwed unrestrained horizontal translation and
rotation of the d .nstream end. The upstream end was connected to a swivel
Joint. This type cf support system provided zn uaccurite sirmlation of 2 besnm
with pinned-pinned boundary corditions. The tall be=rings at the end of the
pipe prevented axial stresses during lateral deformations. A strain gage was
mounted in the center of the pipe 2t the location of the maximme bending moment
from which the frequency and 3amping of the bending vibrations zculd be
determined.

Tne average velocity of tre fluid (water) was measured by means of an
orifice plate located approxirately 4 feet upstream from the swivel joint.
The instrumentation for measuring tie fluid velocity consisted of the orifice
plate, a differential-pressure transducer, and a galvanometer recorder. This
equipment was accurate to within 2 percent.(rms value) of full-scale response.
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The fliid for this experiment was cobtained from = high-pressuire water
source located at the Langley landing loads track. Tkis facility, capable of

delivering 750 gallons per minute at a maximum pressure of 3200 1t/in2, is
described in detall in reference 7.

Testing Procedure

In order to initiate the Iree vibrations of the pipe at varicus fluid
velocities, a method of imparting a small disivurt .nce to the pipe wvas necessary.
This disturbance was accomplished by attaching & cord at the midpoint of the
pipe which cculd be manually operated during t:ie test. The procedure for con-
ducting a test was to disturb the pipe by pli :ing the cord vertically, to
record the response of the p:pe, and to incrzase e fluid velocity continu-
ously until instability of the pipe was aclieved.

" - RO

DISCUSSI™N OF RESULTS

This sectlion includes both t:s calculated and exrerimental results and
also scme remarks concerning the "“damping" characteristics of the system.

The values of the constants used in calculating the valuve of V. from
equation (6) and the relation between @y and V frem equation (S) ore as
follows:

8.0C x 1673 slugs/ft

©
"

1.4 x 109 1bs/£t2

[>]
]

i = 1.0416 x 1076 etk

= 1.49 x 1072 stugs/ft .

=
!

-~
4

- 10.5 €t

A departure from an ideally uniform beam was required for the upstrezm
end of the pipe in order to accormodate part of the swivel joint (fig. 2).
The Joint prcvided about 0.5 foot of rigid heavy pipe for an overzll test
length of 10.5 feet. The effect of this shor: stiff section (compared with
the thin-walled aluminum tube) on the critical velocity is considered negligi-
ble since the curvature of the pipe is a maximum at i<s center ani must
approach zero at the ends in order to satisfy the bou-dary conditions. (n the
other hand, the effect of the swivel joint on the fregiency of the pipe could
be more pronounced because of the concentrated mass at the end of the pipe.
However, comparison of the calculated frequency for a mniform pipe 10.5 feot
long with the coxperimental frequency for the test pipe, whick includes the
deviation resulting from the swivel Joint, indicates =3 appreciable effect on
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the natural frequency. Consequently, the fundamental equations in refer-
ence 2 were not rederived ts include the possible effects caused by the

swivel joinzts.

Tne calculated results from equations (5) and (6) for the fundamental

mode or vibraticn e:d the ewperimental data for two identical pipes are shuwn

in figure 3. The specilic experimental values
have heen norralizea by the theoretical values

(“V:O = 28.L rad/sec and V, = 1£9.5 ft/sec),

The overall damping of the system at
strain-gage reccrds, =nlso apre~rs in

each data
the table:

pertaining to figure 3, which

cf w at V=0 and V.

cppear in the following table.

point, as determined frcm the

—— R
Pine V/‘JC w/'n.vto Log necrement

~o 1.0%.2 0.175
1 .332 -919 . }08
535 -81’*9 -&09
153 .662 967

0 Not obtairned | Not obtained
167 1.033 0.322
235+ .08 337
2 53 .919 -629
653 576 .865
! -2 <139 1.098

.555 c Not ottained

*sor pize 1 at V[V, = O, the data were
obtalined wten the pipe was erpty; bowever,

the value,

Ehag = 1.042, be: heen cor-

rected to inciude the mas: ~f the fluid for

a full pipe

L 64-699L.1
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Figure 3,- Comparison o theoreiical ¢ 1d expel imental results.

As can be observed in fizure 3, a gocd correlation between theory and
experiment 1s achieved. The maximum experimental error relative to the the-
oretical curve is approximately 7.5 percent.

As predicted by the thecri, the system became unstable which resulted in
a permanent deformation of the pipe. Divergence was achieved with both pipes;
however, because of an instrumentation failure during the first test, only the
divergence velocity fcr the second pipe was recorded which was 127.5 ft/sec.
The experimental error of the divergence velocity relative to the predicted
critical velocity is 1.5 percent. ~rictures of the divergence phenomenon are
shown in sequence in figure 4. Figure 4{a) shows the curvature of the pipe =at
V = 120 ft/sec which is just before the ypipe diverged. Figure 4(b) shows the
curvature of the pipe at the divergence velccity of 127.5 ft/sec. Figure L(e)
shows the permanent deformation of the pipe aster the test was completed.

The log decrement, as shown in the table, is a measire of the total
damping of the system at each data point. These values were obtained bty
taking the natural logarithm of the ratic ¢ successive arplitudes for the
first completed cycle of each strain-gage :--cord. The log decrement value
wher. the pipe is empty can be considered as-2 measure of the structural
damping of “he pipe and its end sunports (ref. 3). This value was 0.179 for
tbe first pipe.

As may be observed in the table, the natural fregusncy of the pipe
decreases as the fluid velocity increases waniie the log decrement velues
increase. It should be noted that the log decrement increase is due to the
combined effect of the frequency and fluid velocity, although the mlues dif-
fer in some cases for the two pipes.
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CCNCIITDING REMARKS

The presert investigation has been concerned with an experimental study
of the effect of fluid velocity on the natural freguency of the ifree vibra-
tions of a simply suppcrted pipe. Tests were ccnducted with two identical
pipes both of which verified the predicted variation of the fundamental
bending frequency with fluid velocity. The predicted critical fluid velocity
for whi~h the system becomes stetically unstable was also veri®ied experimen-
tally. From tke results presented, it appears that the theory of G. W. Housner
is adequate fcr predicting the effect of filuid velocitiy on the natural fre-
quency of simply supported pipes as well as the particular fluid velocity at
which a static instability exists.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., March 15, 1965.
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